Background and study aims Microsatellite instability accelerates colorectal cancer development in patients with Lynch syndrome (LS). Previous research showed that virtual chromoendoscopy increases detection of adenomas during colonoscopy surveillance of patients with LS. Because previous research revealed that Lynch patients have an increased vascular network in the oral mucosa, we hypothesized that increased vascularization of LS-associated adenomas is the cause of better detection with virtual chromoendoscopy.
celerates colorectal cancer development in patients with Lynch syndrome (LS). Previous research showed that virtual chromoendoscopy increases detection of adenomas during colonoscopy surveillance of patients with LS. Because previous research revealed that Lynch patients have an increased vascular network in the oral mucosa, we hypothesized that increased vascularization of LS-associated adenomas is the cause of better detection with virtual chromoendoscopy.
Patients and methods In this pilot study, patients with LS
having a proven germline mutation were selected from two tertiary referral hospitals and non-LS patients from an outpatient colonoscopy center. Adenomas from patients with LS were exactly matched in size and histology with adenomas from non-LS patients. Initial adenoma diagnosis was confirmed by a specialist pathologist. All adenomas were stained with CD31 and adenomatous tissue was annotated by the specialist pathologist. Image analysis of CD31-positive microvessel density was conducted using FIJI software.
Results Colonoscopy of 63 patients with LS and 24 non-LS patients provided 40 adenomas that could be exactly matched in size and histology. In image-analysis, the CD31-positive microvessel density (2.49 % vs. 2.47 %, P = 0.96), the average size of CD31-positive structures (514 μm 2 vs.
523 μm 2 , P = 0.26) nor the amount of vascular structures per mm 2 (183 vs. 176, P = 0.50) differed between adenomas of LS patients and non-Lynch patients.
Conclusion
The outcomes of this pilot case-control study did not provide further insights into the mechanism of increased adenoma detection in LS patients using virtual chromoendoscopy techniques.
Introduction
Lynch syndrome (LS) is a hereditary disorder caused by a mutation in a mismatch repair (MMR) gene [1] . Affected individuals have a high chance of developing colorectal cancer (CRC), often at a young age [1, 2] . To prevent CRC by detecting and removing precursor lesions, patients with LS are currently advised to undergo colonoscopy every 1 to 2 years beginning at age 25 [3 -5] . However, despite strict colonoscopy surveillance, patients with LS still develop post-colonoscopy CRCs [6 -8] . The two most commonly cited reasons are the accelerated adenoma-carcinoma pathway due to microsatellite instability [9] , and potentially missed lesions during previous colonoscopy [8, 10] . Therefore, colonoscopic inspection should be very meticulous and precise in these patients.
To improve lesion detection during colonoscopy, several advanced imaging techniques have been studied in patients with LS [11 -17] . Besides traditional chromoendoscopy [11 -15] , in which topical application of dye is used, these include virtual chromoendoscopy techniques as narrow band imaging (NBI) and i-Scan [16, 17] . In NBI, emitted light passes through a special narrow-band, eliminating all other wavelengths except for two specific wavelengths (415 nm and 540 nm) that are strongly absorbed by hemoglobin. As a result, the contrast of the blood vessels in relation to the mucosa is enhanced. i-Scan consists of post-processing light filter technology that uses software algorithms to enhance different mucosal and vascular features. Because adenomas have increased vascularity compared to normal mucosa, adenomatous tissue appears brown due to this increased vessel density, against a green-blue background. Use of these virtual chromoendoscopy techniques may enhance detection of adenomas during colonoscopy.
Based on two studies in patients with LS [16, 17] , the European Society of Gastrointestinal Endoscopy (ESGE) suggests routine use of virtual chromoendoscopy (NBI, i-Scan) in patients with LS [18] . However, virtual chromoendoscopy techniques have not proven to be beneficial for improving adenoma detection in the average-risk population [19 -21] . Previous research has shown that patients with LS have an increased vascular network complexity in the mouth compared to non-LS carriers [22] . Possibly, this may also be true for the vascular network in LS-associated adenomas. As virtual chromoendoscopy techniques highlight vascular structures, increased adenoma detection using virtual chromoendoscopy could be explained by increased vascularization of Lynch-associated adenomas compared to non-Lynch adenomas.
In this study, we tested this hypothesis by comparing CD31-positive microvessel density between LS-associated adenomas and adenomas from non-LS patients, i. e. sporadic adenomas.
Patients and methods

Study design
This study was designed as a case-control pilot study in the Academic Medical Center (AMC), Amsterdam, and the Antoni van Leeuwenhoek-Netherlands Cancer Institute (AvL-NKI), Amsterdam. These are two tertiary referral centers providing integrated care for patients with LS. The local Institutional Review Boards of the AMC declared that this study did not require any formal approval as data were collected during standard care. Collection, storage, and use of tissue specimens was performed according to the prevailing guideline "Code for proper secondary use of human tissue" in the Netherlands. All data and tissue were handled anonymously throughout the study.
Matching of cases and controls
This study was merely performed as a feasibility study without a formal sample size calculation. To our knowledge, this is the first study comparing CD31-positive microvessel density of adenomas and no estimates could be derived from literature to perform a valid sample size calculation. We decided to match 20 adenomas of patients with LS 1:1 with 20 sporadic adenomas on endoscopic adenoma size and histology. The rationale was that increasing adenoma size and histology could possibly influence the vascularization of adenomas.
If a patient provided multiple adenomas for matching, only one adenoma per patient was included for this analysis to exclude the possibility that vascularization of adenomas depended on patient characteristics. If the quality or amount of adenomatous tissue within paraffin-embedded sample for CD31 staining was considered insufficient, matching was redone until 20 representative cases and 20 representative controls were selected.
Selection of cases and controls
LS patients were selected from two registries in these two tertiary referral centers when at least one adenoma was resected during surveillance. Only patients diagnosed with LS by a proven germline mutation in one of the four mismatch repair genes (MLH1, MSH2, MSH6 or PMS2) were included in this study. Patients diagnosed with a concomitant polyposis syndrome or inflammatory bowel disease, or aged younger than 18 at time of colonoscopy were not included in this study.
Non-LS patients were selected from an outpatient colonoscopy center. In this center, the majority of colonoscopies was performed for a positive fecal immunochemical test (FIT), symptoms or surveillance for earlier detected polyps. This cohort has been described in detail previously [23] . Patients were selected if an adenoma was resected. Endoscopies in patients with previously diagnosed inflammatory bowel disease, LS or polyposis syndrome were not included. All patients undergoing colonoscopy in this outpatient clinic were required to fill in a questionnaire that included a precise description of CRC family history. To rule out the possibility that these patients were at risk for LS, we included only those patients who did not meet clinical criteria for Lynch testing (revised Bethesda or Amsterdam II criteria) or familial colorectal cancer (FCC) to serve as controls in this study [5, 24] .
For all patients, individual medical history was retrieved, including colonoscopy information and histopathology reports. Patient demographics such as age and gender were recorded and we retrieved the findings per colonoscopy. Per detected lesion, the anatomic location, endoscopic size, Paris morphology and histology outcome were recorded. 
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Histopathology review
All matched adenomatous lesions were reviewed by a specialist gastrointestinal pathologist (GAM) according to World Health Organization 2010 pathology guidelines to confirm the initial diagnosis [25] .
Material preparation
Formalin-fixed, paraffin-embedded samples of histologically proven adenomas of cases and controls removed during colonoscopy between 2007 and 2015 were retrieved. Four-micrometer sections of histologically confirmed adenomas were mounted on glass slides after deparaffinization and rehydration. These tissue sections were treated with 10 mM citrate buffer (pH 6) in a microwave for 5 minutes at maximum power followed by 10 minutes at 360 watts for the CD31 staining. Hereafter, sections were incubated at room temperature with CD31 antibody. Signals were visualized with horse-radish peroxidase.
Image analysis
Prior to image analysis, the specialist gastrointestinal pathologist (GAM) manually annotated the adenomatous tissue regions visible in the CD31-stained slides. Consequently, only adenomatous tissue was included in image analysis of CD31-positive microvessel density. An analysis of the adenomatous tissue was performed using FIJI software where hematoxylin and DAB stainings were separated using color deconvolution [26] . Next, the binary images were thresholded equally prior to measuring the area of CD31-positive particles. Conditions for CD31 detection were set to be minimally 100 μm 2 with a circularity of 0.05 to exclude CD31-positive lymphocytes and staining artifacts (▶ Fig. 1 ). For measuring the area of hematoxylin staining, no further conditions were set, and all particles were included in the analysis.
Outcome parameters and statistical analysis
The main outcome parameter was CD31-positive microvessel density, expressed as the proportion of total surface of CD31-positive particles divided by the total area of annotated adenomatous tissue and displayed as mean including the standard deviation (SD). Other main outcome parameters included average size of CD31-positive structures in μm 2 described as median and interquartile range (IQR), and the amount of CD31-positive structures per mm 2 situated within the annotated adenomatous regions described as median and IQR. The main outcome measures were verified for normal distribution and subsequently analyzed using the paired t-test and Wilcoxon signed rank test. Patient characteristics were described using descriptive statistics. Subgroup analysis were performed for male versus female gender, MMR mutation, adenoma location and morphology did not change any results. The proximal colon was defined as proximal to the descending colon. The left-sided colon included the descending colon and all distal parts. Morphology was defined as flat (-elevated) versus non-flat (sessile and pedunculated). To compare differences between the LS-associated adenomas and sporadic adenomas regarding their clinicopathologic features, the Wilcoxon signed rank test, paired ttest or McNemar test were used when appropriate. SPSS version 24 (SPSS Statistics for Windows; IBM, Armonk, New York, United States) and GraphPad Prism version 7.03 (GraphPad Software, La Jolla, California, United States) were used for statistical analysis. A P value < 0.05 was considered to be statistically significant.
Results
Description of cases and controls
We selected 63 patients with LS (34 from AvL -NKI, 29 from AMC) and 24 non-LS patients. During colonoscopy surveillance of patients with LS performed between 2007 and 2015, 105 adenomas were selected for matching. Colonoscopy of the 24 non-Lynch patients, performed between 2014 and 2015, provided 23 adenomas for matching. After histopathology review and staining, 38 adenomas of patients with LS and two sporadic adenomas of non-Lynch patients were excluded because the patient provided multiple adenomas for matching (N = 17), there was insufficient material for new slide preparation (N = 15) or the primary diagnosis could not be confirmed (N = 8).
Twenty adenomas of LS patients were exactly matched to the 20 sporadic adenomas in size and histology (▶ Table 1 ). All 40 adenomas were tubular adenomas with low-grade dysplasia. For the analyzed adenomas, endoscopic location and morphology did not differ between the two groups. Compared to the non-Lynch patients, Lynch patients had a younger mean age (55 ± 9 versus 63 ± 8 years, P = 0.004).
▶ Fig. 1 Example of image-analysis of CD31-stained diminutive adenoma, a before and b after manual delineation of adenomatous tissue by specialist pathologist, c after color deconvolution and d after applying detection thresholds for CD31-positive vessels. 
Main outcome parameters
Discussion
In this translational matched case-control study, we compared the CD31-positive microvessel density between 20 LS-associated adenomas and 20 sporadic adenomas removed during colonoscopy. In structured image-analysis, we found no significant differences in CD31-positive microvessel density, average size of CD31-positive vascular structures or number of CD31-positive vascular structures per mm 2 between the two groups. Previous studies showed that virtual chromoendoscopy techniques NBI and i-Scan improved adenoma detection in LS patients [16, 17] , whereas use of these virtual chromoendoscopy techniques did not increase adenoma detection rates in the average-risk population [19 -21] . For this study, we hypothesized that improved adenoma detection by virtual chromoendoscopy during surveillance of Lynch patients could be a result of increased vascularity of adenomas in those patients compared with adenomas in the average-risk population, as previous research revealed that Lynch patients have an increased vascular network in the oral mucosa [22] . However, the results of this case-control study reject this hypothesis and do not explain the mechanism of increased adenoma detection in patients with LS using virtual chromoendoscopy. The two studies mentioned in the European Society of Gastrointestinal Endoscopy guideline are a recently published randomized back-to-back colonoscopy trial by Bisschops et al., where use of i-Scan significantly decreased the adenoma miss rate in patients with LS from 62 % to 12 % (P = 0.007) compared to use of high-definition white light (HD-WLE) [16] . Furthermore, the adenoma detection rate using i-Scan was 23 % compared to 13 % for HD-WLE, independent of inspection time. In 2008, East et al. used a similar design, but patients were not randomized for order of techniques: In all patients the proximal colon was first assessed with HD-WLE and subsequently with NBI [17] . The additional NBI pass significantly increased the number of patients with at least one adenoma (from 27 % to 42 %), the total number of adenomas (from 25 to 46) and the proportion of flat adenomas (from 12 % to 45 %). As there seems to be no difference in vascularization between LS-associated and sporadic adenomas, the incremental effect of virtual chromoendoscopy techniques in adenoma detection in patients with LS may be overestimated. The studies of Bisschops et al. and East et al. used a back-to-back colonoscopy design, and were performed by single-center experienced academic endoscopists. Because blinding for the imaging technique is impossible, this may have swayed the endoscopists' towards virtual chromoendoscopy techniques. It therefore remains unclear whether these findings can be corroborated in a parallel colonoscopy trial. Furthermore, patients included in the studies from East et al. and Bisschops et al. were heterogeneous as patients had proven MMR mutations in only 13 % and 64 %, respectively, and thus the diagnosis of LS was not confirmed in many. Hence, future multicenter studies evaluating use of virtual chromoendoscopy in genetically confirmed LS patients in general endoscopy practice are needed to corroborate these previous findings. Original article
When using virtual chromoendoscopy during colonoscopy, only the outer surface of the lesion can be investigated. In this study, we took the total CD31-positive area from a cross-section of the adenoma. Because included adenomas were already resected and sectioned, it was impossible to retrospectively determine the outer surface of the adenoma. Also, we did not evaluate vascular endothelial growth factor A (VEGF-A) or other vascular markers in this study. VEGF-A has been shown to be overexpressed early in the adenoma-carcinoma sequence due to an angiogenic switch [27, 28] . In a recently published study, there was moderate to strong VEGF-A expression in the majority of adenomas in LS patients [29] . However, no difference in VEGF-A expression between LS-associated adenomas and sporadic adenomas was detected [29] . VEGF-A expression rates of sporadic adenomas were in concordance with the literature, although no information on the endoscopic size of these lesions was presented [29] . Future studies looking into vascularization of adenomas in LS patients could potentially take VEGF-A and other vascular markers into account.
It is possible that the small sample of cases and controls in this pilot study did not allow for detection of significant differences in CD31-positive microvessel density. Another reason for not finding a difference could be that we compared microvessel density in small adenomas, as the median size was 3 mm in each group. Because the analyzed adenomas were small, their vascularization may be much less compared to larger lesions, making it more difficult to detect a difference in vascularization between those lesions. Moreover, these lesions were removed by either cold snare or biopsy forceps, and in the majority of lesions, only small areas of adenomatous tissue could be annotated by the specialist pathologist. However, the increase in adenoma detection in the two back-to-back using NBI and i-Scan was mainly based on better detection of diminutive (1 -5 mm) and small (6 -9 mm) adenomas [16, 17] . Therefore, the adenomas analyzed in this case-control study represent the findings of these studies. Another reason for not finding a difference is that some of the adenomatous regions in LS adenomas also contained normal mucosa, which is known to be less well vascularized compared to adenomas. On the other hand, this would also apply to the sporadic adenoma group. Last, to exclude CD31-positive lymphocytes and staining artifacts in the image analysis, we set minimal requirements for a CD31-positive microvessel in terms of surface and circularity. However, we cannot entirely exclude the possibility that we included some artifacts or CD31-positive lymphocytes and that this may have influenced the results, although we suspect this to be randomly distributed between the two groups.
Traditional dye-spray chromoendoscopy has also proven to improve adenoma detection in LS surveillance [11 -15] . Therefore, several countries have recommended traditional dyespray chromoendoscopy as a surveillance method for patients with LS. However, this technique is laborious, time-consuming and requires experience. Therefore, virtual chromoendoscopy is an attractive alternative. Ideally, long-term and large-scale follow-up studies would determine whether increasing adenoma detection rates in LS patients also results in reduced CRC incidence and mortality. It is hoped that this could also result in a less strict colonoscopy surveillance protocol and extension of current recommended colonoscopy intervals. 
Conclusion
Virtual chromoendoscopy techniques can improve adenoma detection by enhancing the contrast between vascular structures and normal mucosa and these techniques have indeed shown to increase detection of adenomas in LS surveillance, but not in the average-risk population. The outcomes of this translational matched case-control study did not confirm our hypothesis that increased detection of adenomas in LS patients by virtual chromoendoscopy techniques was based on increased vascularization in LS compared to sporadic adenomas. Because this study did not confirm our hypothesis, we could not explain the mechanism of increased adenoma detection in patients with LS using virtual chromoendoscopy.
